Large nonresonant optical Kerr coefficient without apparent nonlinear absorption was obtained from ZnSe-doped glass thin films grown by pulsed laser deposition. A third nonlinear refractive index of þ0:87 to 1.56 cm 2 /GW and fifth order of þ17:2 cm 4 /GW 2 were measured for a light beam having femtosecond pulsewidth with photon energy below one half bandgap using the Z-scan method. Besides the enhancement of the nonlinear refractive index results from the two-photon near resonance and quantum confinement effect, the intensity-induced saturation of nonlinear refractive index is explained by the quadratic optical Stark shift.
Introduction
Since the discovery of large and fast response optical Kerr nonlinearity in semiconductor doped glass 1) (SDG) materials, intensive research studies [2] [3] [4] [5] [6] [7] have been motivated by the applications of all-optical switching, 8) optical computing 9) and optical limiting. 10) The nature of large nonlinearity in SDG is attributed to the quantum confinement of electrons and holes in semiconductor nanocrystals. Cotter et al. 11) had found the intense influence of quantum confinement on ð3Þ for the optical frequency region of E g =2 < h < E g , where E g is the bandgap of SDG and h is the photon energy. However, the latter experiments and analyses [12] [13] [14] on SDGs have shown almost no influence on the real or imaginary part of ð3Þ due to quantum confinement. The nonlinear refractive index may be degraded by the socalled photondarkening effect. 4, 15) Even though the exact physical mechanism of the photondarkening effect is not yet fully understood, the experiment suggests that photoexcited carriers are ejected out of the volume of quantum dots into the surface states or into the surrounding glass matrix 4) under strong laser irradiation. The presence of carriers in the surface states results in change of the optical nonlinearity of the material. The sample with higher SiO 2 content can reduce defects and suppress the photondarkening effect, 4) and thus the sample prepared by the sol-gel method would reduce the photondarkening effect because of its good stoichiometry. Recently, attempts [16] [17] [18] were made to control particle size, distribution, and the growth methods to prevent permanent photondarkening to optimize SDGs. With no long-lived nonlinearities, the enhancement of = ( is twophoton absorption coefficient and is bound electronic nonlinear index) was observed and attributed to the optical Stark effect in InP-and CdTe-doped glasses 19, 20) and GaAs glass thin film. 21) The enhancement of ð3Þ is also found in various nanocrystal-doped glasses, for example, the measured Kerr coefficient of the porous silicone is 7:5 Â 10 À9 esu which is much larger than that of bulk silicone. 22) In addition, metal nanocrystal-doped glass shows a value as high as ð3Þ $ 2:5 Â 10 À5 esu in nanosecond, 23) picosecond, 24) and femosecond regimes. 25) In this study, in order to prevent the photondarkening effect from occurring, we grew the ZnSe-doped glass thin films by pulsed laser deposition from sol-gel prepared targets. Then we observed large third and fifth order nonlinearities of these films that were excited by a femtosecond Ti:sapphire laser. Since the blue-shifted bandgap of the ZnSe SDG quantum dots is larger than twice the incident photon energy, they do not show nonlinear absorption but have a Kerr coefficient of þ0:87 to 1.56 cm 2 /GW or þ5:18 Â 10 À7 to 9:29 Â 10 À7 esu and the fifth-order nonlinear coefficient of 1:72 Â 10 À17 cm 4 W À2 measured by the z-scan and pump dependent z-scan transmittance. [26] [27] [28] The remainder of the article is organized as follows: The sample preparation and experimental conditions are described in the proceeding section. The experimental results of z-scan measurement are given in §3 while a model concerning the quadratic Stark effect having self-trapping as the saturation effect used to fit pump power dependent data are discussed. Finally, conclusions are given in the last section.
Experiment

Sample preparation
The detailed SDG thin films prepared by pulsed laser deposition from sol-gel targets had been discussed in our previous works, [29] [30] [31] and are briefly described below. To fabricate the sol-gel targets, we first dissolved tetramethyl orthosilicate [Si(CH 3 O) 4 , TMOS] in methanol, which was then mixed with water to obtain a molar ratio of TMOS : CH 3 using a 1-mm-thick fused silica plate mounted onto a stage in the chamber as the substrate. High-purity SiO 2 doping with ZnSe nanocrystallite thin film was grown by vaporizing the target with a 10-mJ KrF excimer laser (ATL-15). The pulse laser operates at a wavelength of 248 nm with 7 ns pulsewidth and 50 Hz repetition rate. In order to ensure that the laser beam vaporized the target uniformly and efficiently, the laser beam was focused to a spot of diameter about 0.3 mm on the target, which was mounted onto a small rotating motor. The substrate was located 3 cm away from the target at room temperature. The measured thickness of the grown film by an ellipsometer was about 300 nm.
Measurements of linear and nonlinear optical properties
To determine the bandgap of the prepared ZnSe-SDG thin films, we have performed transmittance and photoluminescence spectral analyses, respectively. Transmittance of the samples was determined by normalizing the transmitted spectra of the SDG films relative to the fused silica substrate using an HP8453 UV-visible spectrometer with wavelength scanned from 190 to 1100 nm at room temperature. The room-temperature photoluminescence of the samples was excited by a He-Cd laser (wavelength 325 nm) and analyzed by the ARC SpectrPro-500 spectrometer.
The standard Z-scan measurement was performed by a KLM Ti:sapphire laser that operates at 790 nm with 80 fs pulsewidth and 93.3 MHz repetition rate. A lens of 5 cm focal length was used to focus the laser beam onto the tested sample and then the transmitted light through an aperture was detected by a photoconductive p-i-n diode. The lock-in technique was used to increase the signal-to-noise ratio by chopping the laser beam. At different pump intensities, the transmittance was measured as a function of position z by scanning the sample in the z-direction with an open aperture (S ¼ 1) and a closed aperture (S ¼ 0:36), separately. To obtain the nonlinear refractive coefficient and eliminate the nonlinear absorptive effect, 26) the symmetric Z-scan transmitance curve with valley and peak was gained from closed aperture data divided by the open one. The difference between the maximum and the minimum values of the normalized transmittance, ÁT p{v ¼ 0:406ð1 À SÞ 0:25 jÁÈ 0 j, was obtained by curve fitting the experimental data ( ¼ 0) using the relation 26) ÁTðz;
is the diffraction length of the beam, k ¼ 2= is the wave vector, and and ! 0 are the laser wavelength and spot size. ÁÈ 0 ¼ kÁn 0 L eff is on-axis phase shift at the focus, L eff ¼ ð1 À e ÀL Þ=, with L being sample length and the linear absorption coefficient, and Án 0 ¼ I 0 with I 0 being the on-axis irradiance at the focus and (m 2 / W) the nonlinear refractive indexes.
Results and Discussion
The transmission spectrum indicates that a typical 300-nm-thick ZnSe-SDG film has transmittance of almost 95% over the 600 nm to 1000 nm wavelength range. The converted extinction coefficient versus the energy is shown in Fig. 1 . By using the formula of direct bandgap, it revealed that the samples have a bandgap of about 3.25 eV (or 382 nm). The band tailing without apparent exciton absorption peaks may be due to the defect state and exciton absorption of imhomogeneously distributed dot sizes. The extinction coefficient is almost constant with ¼ 1:64 Â 10 5 m À1 for photon energy between 1.5 and 2.5 eV that may be due to scattering arising from the porous nature of the thin film grown at ambient temperature. Note that our pump laser has wavelength ¼ 790 nm (or 1.57 eV).
The PL spectrum (dot symbol) measured at 10 K shown in Fig. 2 , which had also been reported in our previous result, 30) can be decomposed into three Gaussian spectral profiles (thin lines) that are attributed to the deep-level emission, donor-acceptor pair recombination, and free exciton emission at wavelengths of 432, 413 and 384 nm, respectively. Their peak positions and linewidths (full-width at half maximum, FWHM) are summarized in Table I . The result shows a large blue shift of bandgap of about 0.5 eV corresponding to the crystal size 30, 31) of around 3 nm which is consistent with the report by Smith et al. 32) By deducting the access thermal strain induced bandgap shift 31) of around 0.05 eV and considering the free exciton energy level with binding energy 3) of 20 meV, the bandgap of the ZnSe quantum dots is evaluated to be about 3.2 eV, which is close to the result of transmittance measurement.
Some of the Z-scan traces over the different pumping irradiance from 0.08 GW/cm 2 to 1.04 GW/cm 2 are shown in Fig. 3 . The irradiance is estimated through the focusing spot size ! 0 ¼ 32 mm measured with a knife-edge method at the focal point of the pump lens. For example, the estimated irradiance of 1.04 GW/cm 2 corresponds to the average input power of 250 mW. Note that the measured spot size (! 0 ) is very close to the value of 26.5 mm obtained from the separation between peak to valley of the normalized Z-scan transmission curve (z p{v ) to be 1:7z 0 with z 0 $ 2:8 mm.
We found that the open aperture Z-scan data for all different pump irradiances show almost a straight line instead of a dip 26) at z ¼ 0 with fluctuation due to the detection noise from the detector and circuitry even with the pump irradiance as high as 1.04 GW/cm 2 in Fig. 3(a) . This indicates that there is no nonlinear absorption in our samples. The closed Z-scan data show a symmetric valleyto-peak character [see Figs. 3(b)-3(e) ] that further confirms the samples not only act as self-focusing (n 2 > 0) materials but also have no nonlinear absorption. 28) In addition, we conducted the experiment from the highest irradiance to the lowest one and then from the lowest to the highest. Within about 2-h continuous exposure to the laser irradiation, another measurement with the normalized transmittance difference at 1.04 GW/cm 2 is shown in Fig. 3(f) . It shows no apparent photondarkening effect. By fitting the Z-scan data with eq. (1), ÁT p{v ¼ 0:223 is obtained for Fig. 3(b) as compared with ÁT p{v ¼ 0:219 for Fig. 3(f) .
By considering the thermal lensing effect to simulate the z-scan normalized transmittance based on eq. (1) of ref. 33 , the focal length of the thermal lens, f th , is given by
Here, we had used the absorption power P abs ¼ P 0 ð1 À e ÀL Þ with the pump power P 0 , film thickness L ¼ 300 nm, absorption coefficient ¼ 1:64 Â 10 5 m À1 (even though this parameter may be mainly due to the scattering) at pump wavelength 790 nm, thermal-optic coefficient dn=dT ¼ 6:4 Â 10 À5 (1=K), thermal expansion coefficient T ¼ 7:8 Â 10 À6 (1=K), and thermal diffusion coefficient K c ¼ 18 Wm À1 K À1 , respectively. The pump beam spot size on the sample can be calculated by using ! p ðzÞ ¼ ! 0 ½1 þ ðz=z 0 Þ 2 1=2 with ! 0 around 30 mm, Therefore, the transmission power following the sample translation can be calculated by the ABCD matrix. The calculated transmittance difference ÁT p{v is around 0.068 at pump power P 0 as high as 250 mW that is still less than one part of 3 of the measured one. Thus, the thermal nonlinearity is basically negligible.
The normalized transmittance difference ÁT p{v as a function of the pump irradiance I 0 is summarized in Fig. 4 . Initially, ÁT p{v increases almost linearly and then decreases when the pump irradiance exceeds 0.17 GW/csm 2 . It is different from those results that either saturate to a constant due to converting to the fifth-order nonlinear refraction 27) or linearly decrease due to the optical Stark effect 34) in the frequency region E g =2 < h < E g . Thus, some other effects may be involved besides the saturation effect due to excitation of the fifth-order nonlinearity for high pump power.
Since single photon energy of the pump source is 1.57 eV, even with two-photon energy 3.14 eV being slightly below the bandgap of the samples of 3.2 eV determined by the PL spectrum, we did not observe nonlinear absorption including two-photon and excited state absorption in our sample. It is well-known that when the incident photon energy satisfies h < E g =2, the nonlinear refraction is mainly caused by the cascade two-photon or quadratic optical Stark process of the bound electrons that can be expressed as the first term of the third-order susceptibility in ref. Here, N is the number density of microcrystallites, w is optical frequency, x gn is the induced dipole matrix elements of transition from the ground state jgi to the intermediate state jni, and m, n, and l are the quantum numbers of the intermediate state. A similar term including a two-photon resonant denominator can also be found in the expression for the fifth-order susceptibility. 35) An atom or an ion may increase its probability of residing in the excited state to increase the effective polarizability in the presence of an applied optical field, 35) that is, the nonlinear refractive index change is positive and is consistent with our Z-scan observation with n 2 > 0.
Further enlarging the pump intensity causes the near twophoton resonant energy levels to split further away due to the quadratic Stark shift, 36) so as to reduce the nonlinear coefficients ð3Þ and ð5Þ . Therefore, we will consider the saturation as a function of ðI 0 =I s Þ 2 rather than (I 0 =I s ), where I s is the saturation intensity. For the best fit to the experimental result, we have used the relation
to consider pump saturation of nonlinear refractive index through the quadratic optical Stark shift, where the proportion constant A ¼ 0:406ð1 À SÞ 0:25 kL eff = ffiffi ffi 2 p . The fitting curve also shown in Fig. 4 (thin line) has a less than 2% deviation with the third-order coefficient ¼ þ0:87 cm 2 / GW, the fifth-order coefficient ¼ þ17:2 cm 4 /GW 2 , the saturation intensity I s ¼ 0:13 GW/cm 2 , and an undefined threshold intensity I th ¼ 79 MW/cm 2 , that will be discussed below. We also evaluated from the slope of the linear region, with ÁT p{v $ 0:1{0:2, to be ¼ þ1:56 cm 2 /GW or n 2 ¼ þ9:29 Â 10 À7 esu. Either one of the results is much larger than the nonresonant result n 2 ¼ À4:4 Â 10 À11 esu for 2.7-mm-thick ZnSe bulk at 532 nm. 28) In order to test the resonant effect, we have also performed the experiment at a 810 nm pump wavelength and I 0 ¼ 0:25 GW/cm 2 to obtain slightly smaller ÁT p{v ¼ 0:24 as compared with 0.28 for ¼ 790 nm. Unfortunately, in this range, it showed a weak frequency-dependent 36) n 2 and due to the cutoff limitation of our mirror set, we were not able to tune the laser to a shorter wavelength.
Although it was known that no threshold behavior is involved for the quadratic Stark shift, we had obtained the threshold intensity for better fitting the saturation of the nonlinear susceptibility. We thought that the threshold intensity might be somehow related to the self-trapping of the optical beam within the SDG films. By using ¼ þ0:87 cm 2 /GW and ! 0 ¼ 30 mm, we estimated the selftrapping intensity to be of the order of 20 kW/cm 2 for very thick samples which can provide sufficient distance for forming the filament. However, for our ZnSe-SDG films whose thickness 300 nm is much less than the confocal parameter 2.8 mm, thus a much higher threshold (e.g. I th ¼ 79 MW/cm 2 ) might be required. It is still an open question as to what causes the threshold behavior; thickness dependent measurement might help to answer this question.
Conclusions
We have determined the nonlinear susceptibilities ð3Þ and ð5Þ of the ZnSe-SDG film from the pump intensity dependent Z-scan measurement. While the incident photon energy is less than one-half the bandgap of ZnSe-SDG films, no apparent nonlinear absorption was found at the open aperture Z-scan trace but a large nonlinear positive refraction index was measured at the closed aperture due to the quantum confinement effect and two-photon near resonance. The positive third-order nonlinear coefficients as large as 0.87 to 1.56 cm 2 /GW and the fifth order of 17.2 cm 4 /GW 2 are obtained by fitting with the pump dependent Z-scan transmittance. The fitting function shows the saturation of nonlinear refraction is reciprocal of the quadratic power of the incident to saturation intensity ratio together with a threshold intensity that may account for the quadratic Stark shift.
